We reported a facile synthesis of a stable polypyrrole coated silver nanostrip bundles (Ag NSBs-PPy) by direct reduction of Ag cations in the presence of pyrrole monomers in an aqueous solution of AgNO 3 and NaOH. X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM) observations reveal that the Ag cations were completely reduced to Ag and the Ag NSBs-PPy morphology respectively. The observations show that the modified glassy carbon electrode with the Ag NSBs-PPy exhibits a remarkable catalytic performance for hydrogen peroxide (H 2 O 2 ) detection. This is due to the large surface area of Ag NSBs-PPy which increases the ability of the modified electrode to react with H 2 O 2 . The sensor has a fast amperometric response time of less than 5 s. The detection limit and limit of quantification (S/N = 3) of two linear segments (low and high concentration of H 2 O 2 ) are estimated as 0.68 μmol L −1 , 2.27 μmol L −1 and 13.10 μmol L −1 , 43.60 μmol L −1 , respectively. In addition, the sensitivity for these two linear segments is 9.701 μA μM −1 and 0.506 μA μM −1 respectively. © 2014 The Electrochemical Society. [DOI: 10.1149/2.0571409jes] All rights reserved. Although a large number of investigations on conducting polymers have been performed, yet it is still a wide research field to be explored.
Although a large number of investigations on conducting polymers have been performed, yet it is still a wide research field to be explored. [1] [2] [3] These compounds are organic materials that generally possess an extended conjugated π-electron system along a polymer backbone. Recent reports show that these materials or their composites with metal oxides are good candidates for the fabrication of devices with excellent properties. 4 Among the group of conducting polymers, Polypyrrole (PPy) has been a widely used material due to its good electrical conductivity and environmental stability. 5, 6 Moreover, composites of PPy with nobel metal nanoparticles can be used for the detection of hydrogen peroxide (H 2 O 2 ). 7-9 H 2 O 2 has wide applications in industrial process because of its oxidant property and is an intermediate agent in environmental and biological reactions. [10] [11] [12] [13] Therefore a reliable, rapid and economical method of H 2 O 2 detection is important for many processes. Electrochemical methods are usually inexpensive, effective and offers high sensitivity, thus they have attracted considerable interest in the development of sensors. Unfortunately, the slow electrode kinetics and high over-potentials of the redox reactions of H 2 O 2 on many electrodes materials are the disadvantages of electrochemical methods. These disadvantages lead to some limitations of the electrochemical methods and due to this, redox mediators have been widely used.
Recent investigations confirm that the morphology and the type of nobel metals are two essential factors which can affect the catalytic activity of the sensor. 7, 14 Therefore, investigations on the effect of polymer morphology, the shape and type of metal nanoparticles on the sensor performance can be an interesting area of research for H 2 O 2 detection.
Recent research has also demonstrated that the synthesis of composites consisting of conducting polymers and nanoparticles of noble metals, such as silver and gold, can be used as electrochemical sensors. [15] [16] [17] In this work, we report the synthesis and characterization of PPy coated silver nanostrip bundles (Ag NSBs) and their application as a sensor for H 2 O 2 detection.
Experimental
All of chemicals such as Na 2 HPO 4 , NaH 2 PO 4 , H 2 O 2 (30%) were procured from Sigma-Aldrich (St. Louis, Mo, USA) except silver nitrate was procured from Merck (Schuchardt OH6). The pure pyrrole which was used in the experiments was always stored in the dark prior * Electrochemical Society Active Member.
z E-mail: M_R_mahmoudian@yahoo.com to the synthesis. The synthetic method was based on previous report.
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In a typical process, 1 mL of 0.1 M AgNO 3 solution was added into 30 mL, 7M NaOH solution in a reaction vessel; the mixture was maintained at room temperature with continuous stirring at 500 rpm. After 20 minutes, 0.5 mL pyrrole monomer was added and the solution turned from gray to dark gray in color. The reaction between pyrrole monomer and Ag cation occurred for 30 minutes. This was followed by the solvothermal reduction process by injecting 0.01 mL hydrazine monohydrate into the reaction mixture and the reaction temperature was increased to 60
• C with a rate of 1.5
• C min −1 . This process was maintained for another 60 minutes and finally the reaction mixture turned from transparent to light gray in color, which was the evidence for the reaction completion. The reaction mixture was centrifuged at 4000 rpm for 10 minutes to separate the Ag NSBs-PPy from the solution, followed by drying in a vacuum oven at 60
• C for 24 h. In addition, to understand the effect of PPy, the whole procedure was repeated in the absence of the pyrrole monomers.
The synthesized Ag NSBs-PPy (1 mg) was dispersed into DMF (1 ml) using ultra-sonication for 10 minutes to obtain a gray homogenous suspension. Then, 5 μl of the homogenous suspension was dropped onto the surface of polished glassy carbon electrode (GCE) and dried at room temperature.
The morphology and weight percentage of the Ag NSBs-PPy and synthesized Ag in the absence of pyrrole monomers were investigated using field emission scanning electron microscopy (FESEM, Quanta 200F) and energy dispersive X-ray (EDX) spectroscopy. The samples for FESEM and EDX characterization were prepared by dropping the suspension onto the ITO surface, followed by drying at room temperature. Transmission electron microscopy (TEM, Philips CM200) with an operating voltage of 200 kV was used to characterize the structure of PPy coated silver nanostrip bundles (Ag NSBs). X-ray diffraction (Siemens D5000) measurement with Cu Kα radiation was used to analyse the structures and surface morphologies of the synthesized Ag NSBs-PPy and the Ag in the absence of PPy. FT-IR spectra of the samples were obtained using a Spectrum 400 (FT-IR / FT-FIR spectrometer). A potentiostat / galvanostat, model PGSTAT-302N from Autolab controlled by a USB_IF030 (Metrohm Autolab) interface card connected to a computer was used to study the electrical properties of the PPy/Ag NSBs / GCE in 0.2 M phosphate buffer solution. The Ag/AgCl (3 M) electrode was used as the reference electrode while a platinum foil was used as the counter electrode. image which clearly shows a large surface area of Ag NSBs-PPy. The result also shows a smooth layer of PPy on the surface of Ag NSBs. Figure 1c is the FESEM image with increased magnification which clearly shows the existence of the PPy coating on the surface of Ag NSBs. Figure 1d shows the presence of bulk powders in the absence of the pyrrole monomers. The FESEM results in Fig. 1d confirm the effect of pyrrole monomers on the Ag NSBs morphology. The TEM image of Ag NSBs-PPy in Fig. 1e confirms the existence of PPy on the surface Ag NSBs. The weight percentage of Ag NSBs-PPy/GCE was determined by energy dispersive X-ray (EDX) spectroscopy as shown in Fig. 2 . The EDX results show the existence of C (from PPy), Ag (from reduced Ag (I)), O (from the NaOH residue and the over oxidation of PPy) and Na (from the NaOH residue). The weight percentage of each element is given in Table I . The existence of carbon in the EDX spectrum of Ag NSBs-PPy/GCE confirms the presence of PPy as a coating on the surface of Ag NSBs in Fig. 2 . broad amorphous diffraction peak can be seen at 2θ = 10-25
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• range in the XRD diagram of the PPy/Ag NSBs which can be attributed to the scattering from bare polymer chains at the interplanar spacing. 4, 19 The XRD result clearly confirms the reduction of Ag cation to Ag metal during the synthesis of Ag NSBs-PPy/GCE. Other researchers reported that a synergistic crystal growth and polymerization process induced the formation of the PPy-metal nanowires. 18 The reduction of Ag + cations in the presence of the pyrrole monomer is the main reaction for the growth of the nanostrip bundles. The pyrrole monomers can be polymerized to PPy in the presence of Ag + cations and acts as a protector to create the first PPy capped Ag particles, as seeds for the nanostrip bundles growth, via the Ostwald ripening process. 20, 21 It is notable that the surface energy and the capping effect are major driving factors for the nanostrip bundles formation. 22 It is thermodynamically favorable for the Ag NSBs to grow along the (111) direction by atomic addition as it has the highest surface energy among the facets; the selective adsorption of PPy to the side surfaces of the Ag NSBs also promotes this direction-specific growth to a significant extent. Figure 4 shows the FTIR spectrum of Ag NSBs-PPy/GCE. In the FT-IR spectra of the synthesized PPy/Ag NSBs, the peak at 3385.25 cm −1 is attributed to the N-H bond. The peak at 1651.44 cm respectively. On the other hand, the peak at 1452.26 cm −1 is characteristic of a typical PPy ring vibrations. The appearance of these peaks confirms the completion of the polymerization process. A large, descending baseline appears in the spectral region of 1700-2650 cm −1 , which is attributed to the free-electron conduction in conducting polymers. 23 It is notable that the existence of a peak at 1597.59 cm
which is related to the C=O group, suggest that an over-oxidation of the pyrrole monomers had taken place during the PPy polymerization. Over-oxidation of PPy occurs through the apparition of C-OH and C=O functional groups in the polymer backbone, as well as the formation of CO 2 at sufficiently positive potentials or in the present of a strong oxidizer. The structure of over-oxidized PPy is shown by Scheme 1. Based on our search in previous reports we confirmed that synthesized polypyrrole coated silver nanostrip bundles are new materials with special morphology of nanoscale Ag.
The effect of pH of the phosphate buffer solution on the oxidation current of H 2 O 2 on Ag NSBs-PPy/GCE was investigated and is shown in Fig. 5a . The current rapidly increased with the increase of the pH from 5 to 6.5 and gradually decreased. It suggests that the optimized condition for the electrochemical reduction of H 2 O 2 is pH 6.5. The decrease of in alkaline conditions could be related to the self-degradation of H 2 O 2 . Thus, all the subsequent experiments were done at pH 6.5 phosphate buffer solution. Figure 5b shows the effect of pH on the reduction potential of H 2 O 2 on Ag NSBs-PPy/GCE. The result shows that the reduction peak potentials shift to negative regions with the increase of pH and confirms that H + participated in the electrochemical process. This can be explained by the mechanism of the H 2 O 2 reduction on Ag NSBs-PPy/GCE which is discussed in the next section.
The electrocatalytic activity of Ag NSBs-PPy/GCE toward H 2 O 2 reduction was investigated by cyclic voltammetry. The cyclic voltammograms of the bare GCE, the PPy/GCE, the Ag NPs/GCE and Ag NSBs-PPy/GCE in 0.2 M phosphate buffer solution (Na 2 HPO 4 and NaH 2 PO 4 ) in the presence of 1.0 mM H 2 O 2 at pH 6.5 are shown in rate of electrochemical reduction of H 2 O 2 compared to the bare GCE. The reason for this phenomenon is due to the ability of the pyrrole monomers toward over-oxidation and as an electroactive polymer, it can create a high surface area for the reduction of H 2 O 2 compared to the GCE (Equations 1 and 2) . The FESEM and TEM results show the existence of the PPy coating on the surface of Ag NSBs-PPy, therefore PPy does not only protect the growth of Ag NSBs but also improves the rate of the H 2 O 2 reduction.
The FESEM results show that the morphology of the Ag NSBs could provide a large surface area for the Ag element, therefore it is reasonable that the rate of the H 2 O 2 reduction increases compared to previous reports. 24 A recent report proposed an autocatalytic mechanism on the Ag electrode. 25 The mechanism for the direct reduction of H 2 O 2 (3) can be explained from the formation of adsorbed OH ad species in a slightly acidic medium:
It can be suggested that the diffusion of H 2 O 2 from the bulk to the electrode surface (4) 
As can be seen, the reduction of the H 2 O 2 (surface) and OH ad are two principle reactions of the proposed mechanism The increase of the reaction rate is due to the increase of the Ag surface area which increase the adsorption of the H 2 O 2 (surface) and OH ad . The reaction between the OH − ion and the H + ion leads to the formation of the final product (7).
In addition, it is possible that the OH ad can simultaneously accept an electron and react with the H + ion (8).
Besides that, the effect of potential scan rate on the electrochemical performance was also studied. Figure 7 clearly shows that the reduction peak current increased gradually with the increase of scan rate. In addition, the inset of Fig. 7 shows a linear relationship between the peak current and the square root of scan rate, which is typical of a diffusion-controlled electrode process. Figure 8 shows the effect of H 2 O 2 concentration on Ag NSBsPPy/GCE. As can be seen the H 2 O 2 concentration shows a gradual increase the reduction peak current values. The results clearly confirm the sensitivity of Ag NSBs-PPy/GCE to H 2 O 2 concentration.
The dependency of the amperometric response on the applied potential of the Ag NSBs-PPy/GCE under batch conditions was evaluated over a range of −0.15 to −0.50 V (Fig. 9 ) using a solution A suitable working potential was chosen based on the least negative potential to achieve good selectivity, along with a potential value that shows a high analyte-dependent current. Fig. 9 shows that the potential value of −0.25 V fulfill this condition; therefore, it was selected as the working potential. The amperometric response of the Ag NSBsPPy/GCE to the addition of H 2 O 2 aliquots from a stock solution of 0.2 M phosphate buffer (Na 2 HPO 4 and NaH 2 PO 4 ) at pH 6.5 was carried out as shown in Fig. 10 For analysis applications, a recovery experiment was conducted to examine the potential use of the Ag NSBs-PPy/GCE. Three different concentrations of H 2 O 2 (10, 40 and 90 μmol L −1 ) were added into a 0.2 M phosphate buffer solution at pH 6.5 under the optimum applied potential of −0.25 V. All measurements were performed four times (n = 4) and the average recoveries are listed in Table III . The observation of acceptable recoveries and the relative standard deviation (RSD) suggest the feasibility of the proposed method for the quantitative detection of certain concentration ranges of H 2 O 2 . 
Conclusions
Ag NSBs-PPy/GCE were prepared and applied as electrochemical sensing interface for H 2 O 2 detection. The electrochemical behavior of H 2 O 2 was studied by cyclic voltammetry with the use of modified glassy carbon electrode (GCE) coated with the Ag NSBs-PPy film. The X-ray diffraction (XRD) result confirmed the reduction of Ag + cation to Ag during the polymerization of PPy and the field emission scanning electron microscopy (FESEM) showed a well-stable polypyrrole coated silver nanostrip bundles. The results also showed that the Ag NSBs-PPy can provide a favorable micro-environment for the electrochemical detection of H 2 O 2 , resulting in an enhanced amperometric response. The large surface area of the Ag NSBs-PPy is the principle cause for the detection of H 2 O 2 . This Ag NSBs-PPy based electrochemical sensor has a low detection limit, suitable sensitivity and long-term stability for the determination of H 2 O 2 . The Ag NSBs-PPy may offer a new approach for the development of metal/electroactive polymer composite-based electrochemical sensors and biosensors.
